Mitochondrial bioenergetic dysfunction is involved in neurodegeneration in Huntington's disease (HD). Iron is critical for normal mitochondrial bioenergetics but can also contribute to pathogenic oxidation. The accumulation of iron in the brain occurs in mouse models and in human HD. Yet the role of mitochondria-related iron dysregulation as a contributor to bioenergetic pathophysiology in HD is unclear. We demonstrate here that human HD and mouse model HD (12-week R6/2 and 12-month YAC128) brains accumulated mitochondrial iron and showed increased expression of iron uptake protein mitoferrin 2 and decreased iron-sulfur cluster synthesis protein frataxin. Mitochondria-enriched fractions from mouse HD brains had deficits in membrane potential and oxygen uptake and increased lipid peroxidation. In addition, the membrane-permeable iron-selective chelator deferiprone (1 μM) rescued these effects ex-vivo, whereas hydrophilic iron and copper chelators did not. A 10-day oral deferiprone treatment in 9-week R6/2 HD mice indicated that deferiprone removed mitochondrial iron, restored mitochondrial potentials, decreased lipid peroxidation, and improved motor endurance. Neonatal iron supplementation potentiates neurodegeneration in mouse models of HD by unknown mechanisms. We found that neonatal iron supplementation increased brain mitochondrial iron accumulation and potentiated markers of mitochondrial dysfunction in HD mice. Therefore, bi-directional manipulation of mitochondrial iron can potentiate and protect against markers of mouse HD. Our findings thus demonstrate the significance of iron as a mediator of mitochondrial dysfunction and injury in mouse models of human HD and suggest that targeting the iron-mitochondrial pathway may be protective.
Introduction
Iron-containing proteins are required for a large number of functions including cellular respiration, DNA replication and repair, and regulation of cell survival [1, 2] . Iron exists in ferrous (II) and ferric (III) oxidation states in biological systems and binds oxygen, properties that are harnessed by many proteins. However, when inappropriately coordinated, redox properties of labile iron are uncontrolled and can result in the catalytic generation of damaging oxygen radicals [1] . Iron homeostatic pathways regulate iron transport and its utilization from the organellar to the whole body level. These pathways have the important property of limiting the availability of labile iron.
Diverse diseases are linked with peripheral iron accumulation and iron-mediated oxidative injury [3, 4] . In addition, the accumulation of iron within the central nervous system is associated with neurodegenerative diseases, including Alzheimer disease, Parkinson disease, Huntington disease (HD), amyotrophic lateral sclerosis, and neurodegeneration with brain iron accumulation [5] [6] [7] . The precise role of iron in these disorders is a subject of debate; however, disruption of genes known to be directly involved in iron metabolism is sufficient to cause neurodegeneration [8, 9] . Efforts to understand and ameliorate the effects of iron dysregulation are therefore of broad interest, especially as there are no treatments that can slow the progression of these diseases.
HD is a progressive neurodegenerative disease caused by a trinucleotide CAG repeat expansion in exon 1 of the HTT gene [10] . HD is characterized by progressive motor, psychiatric, and cognitive deterioration, and weight loss [11] . Neurodegeneration, characterized by neuronal death and glial activation, primarily occurs in the striatum and cerebral cortex. Mutant huntingtin protein (mhtt) is expressed in neurons and glia [12] and results in the disruption of a number of downstream pathways [13] . The brain has high energy demands and is therefore vulnerable to the effects of disruption of energy metabolism. There is considerable evidence for bioenergetics dysfunction in HD, although the disease process begins years before clinical onset and the point at which mitochondrial involvement begins is unclear [14, 15] . Bioenergetic defects are, however, present in early clinical HD. For example, early HD patients demonstrate a decreased bioenergetics response to non-invasive cortical activation as measured by magnetic resonance spectroscopy [16] . Brains from patients with advanced HD obtained post-mortem demonstrate disruption of mitochondrial energy metabolism, which includes decreased activities of mitochondrial respiratory complexes II-IV and aconitase [17, 18] . Although interpretation of these findings is complicated by early neuronal loss and gliosis [19] , studies of human HD support the presence of progressive bioenergetics dysfunction as part of the disease phenotype.
Mitochondrial alterations in HD result from a combination of disease-promoting pathways. Huntingtin is involved in the regulation of nuclear gene expression. Studies in mouse and cell models of HD have demonstrated that mitochondrial dysfunction is, in part, explained by disruption of nuclear transcriptional pathways important for encoding mitochondrial proteins [20] [21] [22] [23] [24] [25] [26] . However, huntingtin also interacts with mitochondria [27, 28] such that it triggers mitochondrial fragmentation, stimulates mitophagy, and impairs mitochondrial protein import [29] [30] [31] [32] . Furthermore, energetic dysfunction is a prominent feature of HD human cybrids, implicating persistent mitochondrial dysfunction despite the absence of mhtt expression [33] . Mitochondrial dysfunction in HD therefore results from altered nuclear gene expression and the direct effects of mhtt, as well as persistent effects of prior injury. Mitochondria from mouse models of HD (hereafter referred to as 'HD mice') also demonstrate compensatory changes, such as an increased resistance to calcium-induced opening of the permeability transition pore [34] . Therefore, mitochondrial alterations in HD are complex and there remain significant gaps in our understanding of the mechanisms underlying these functional changes.
Huntingtin, while having numerous functions, modulates iron homeostasis. Developing zebrafish with morpholino-induced htt deficiency have an iron deficiency phenotype that is rescued by iron supplementation [35] . In addition, knockdown of htt in adult mice changes the expression of brain iron homeostatic proteins [36] . Although the relationship between the state of htt deficiency and HD is different, HD brain iron levels are increased in autopsy samples from patients with advanced disease [7, 37] . Magnetic resonance imaging supports changes in brain iron metabolism during early HD [7, 38, 39] . In the HD mouse brain, iron accumulates in both neurons and glia, suggesting pleiotropic roles in the disease [40, 41] . Iron supplementation of infants and children is widely carried out in the general human population to prevent nutritional deficiency; however, excess supplementation has the potential to promote neurodegeneration in adult life [42] . Modeling iron supplementation in neonatal rodents provides evidence for adverse effects on the adult brain both in wild-type animals and animal models of several neurodegenerative diseases [42] . In particular, neonatal iron supplementation of HD mice promotes markers of disease in adult life [43, 44] . In addition, a brain iron chelator improves behavioral and pathology markers of mouse HD [40] . However, the associated cellular and subcellular targets, as well as the pathways involved, are poorly understood.
Mitochondria use large amounts of iron for the synthesis of heme and iron-sulfur cluster proteins [2] . Iron is taken up by mitochondria by mitoferrin 2, an inner mitochondrial transmembrane protein [45] . Mitochondria have a labile iron pool that provides iron for assimilation into iron proteins [46] . Although these pathways are complex, frataxin is one protein that is important for the delivery of iron into mitochondrial iron-sulfur synthesis pathways [47] . Notably, frataxin deficiency results in Friedreich ataxia (FA), a disorder characterized by mitochondrial iron accumulation, defective synthesis of iron-sulfur proteins, and neurodegeneration [9] . The mitochondrial transporter ATP binding cassette subfamily B member 8 (ABCB8) exports heme or iron-sulfur clusters to other cell compartments [48] . Therefore, mitochondrial iron homeostasis is fundamental for many cell functions, and its disruption has far-reaching effects. The role of mitochondrial iron dysregulation in other neurodegenerative diseases is further supported in studies of pantothenate kinase-associated neurodegeneration, Alzheimer disease, and 6-hydroxy-dopamine-induced nigral degeneration [49] [50] [51] [52] . In human HD, a role for mitochondrial iron is suggested by the co-occurrence of iron dysregulation and mitochondrial dysfunction. In addition, transcriptomic analyses indicate increased transcript expression of mitoferrin 2 in human HD [53] . As therapies that ameliorate the effects of brain iron accumulation may have protective effects, it is important to understand the associated mechanisms.
Based on these considerations, we set out to test the hypothesis that mitochondria are a key site of iron dysregulation in HD. We studied brain mitochondria from HD mice and from human HD tissues. We found that labile iron accumulated in HD mitochondria with disease progression and that functional and biochemical markers of mitochondrial dysfunction were increased. The membrane-permeable, iron-selective chelator deferiprone rescued mitochondrial markers of HD ex vivo and in vivo. We further showed that nutritionally relevant levels of neonatal iron supplementation in HD mice potentiated HDassociated mitochondrial dysfunction. These studies show that the bidirectional effects of iron chelation and supplementation in HD models affect mitochondria. Our findings support a role for labile mitochondrial iron as a mediator of HD mitochondrial dysfunction and suggest new therapeutic approaches.
Materials and methods

Materials
All chemicals were purchased from Sigma-Aldrich, unless otherwise stated.
Mouse husbandry
Animal procedures were approved by the Institutional Animal Care and Use Committee and also followed NIH guidelines. Mice were maintained under standard environmental and husbandry conditions. They were fed ad libitum with a cereal-based rodent chow (LabDiet 5K67). R6/2 and YAC128 mice were obtained by breeding HD males with wild-type females. R6/2 males were crossed with B6/CBA F1 females, and YAC128 males were crossed with FVB females. Tail tips collected at 2.5 weeks of age were used for genotyping as described [54, 55] . Mice were grouped by genotype under standard conditions with a 12-h dark/light cycle. Mice used for neonatal iron supplementation and deferiprone (DFP) treatment had a CAG repeat size in the range 150-160. Mice used in other studies had a CAG repeat size in the range of 180-190. We did not identify mitochondrial differences between the two cohorts. In the R6/2 study, female mice were used for all experiments, whereas in the YAC128 study, both male and female mice were used.
Human brains
Human HD and control cerebro-cortical brain samples were obtained from the NIH NeuroBioBank. Each group included four males and one female with an age range of 50-60 years. Post-mortem intervals were 14-32 h. All the HD brains were characterized as Vonsattel grade 3 [19] . CAG repeat sizes were determined in cerebral cortex BA17 by Laragen, Inc (Culver City, CA) and were 44, 47, 48, 49, and 51.
Brain regional fractionation and purity validation
Mice were anesthetized with 90 mg/kg ketamine and 10 mg/kg xylazine and then were perfused intra-cardially with cold heparinized 0.9% (w/v) saline for 2 min. Cerebro-cortices and striata were dissected and extractions were completed on the same day essentially as described [56] . Briefly, tissues from mouse and human brains were homogenized (30 s) in isolation buffer containing 215 mM mannitol, 75 mM sucrose, 20 mM HEPES (pH 7.2), 1 mM EGTA, 1 mM EDTA, 1 mM PMSF, and a protease inhibitor cocktail (Roche). Homogenates were centrifuged at 1000×g for 5 min at 4°C, pellets were stored as the nuclear fraction for western blotting analysis, and the supernatants were centrifuged at 13,000×g for 10 min at 4°C. The resulting supernatants were then collected as the cytosolic fraction, and the mitochondrial pellets were re-suspended in isolation buffer and centrifuged at 13,000×g for 10 min at 4°C. The cytosolic fractions were stored at −70°C, whereas the mitochondrial fractions were either used immediately or stored at −70°C. Freshly isolated mitochondria were used for mitochondrial functional studies such as membrane potential, oxygen consumption rate, ATP, and lipid peroxidation analyses. The purity of the fractions was assessed using enzymatic and also western blot analyses (see below). Succinate and lactate dehydrogenase assays were performed as described [57] .
Inductively coupled plasma mass spectrometry (ICP-MS) iron measurement
The analysis was conducted essentially as described [58, 59] , with some modifications. Briefly, 300 µl of mitochondrial and cytosolic fractions containing 500 µg of protein were digested with 14% (v/v) of trace metal grade 70% HNO 3 and a 4-h incubation at 90°C in a block heater; the fractions were then cooled to room temperature for 10 min. To remove lipids, 6% (v/v) of 30% hydrogen peroxide was added and incubated for 10 min at room temperature before the fractions were heated to 90°C for 2 h. The fractions were allowed to cool for 10 min and then 18 MΩ purified water was added to a final volume of 3 ml. Each sample was assayed for iron and also Cu, Zn, Co, and Mn concentrations by ICP-MS (7700× ICP-MS Agilent) with the following parameters: helium collision mode, three points per peak, 100 scans per replicate, and five replicates per sample. Plasma gas flow was 15 l/min, auxiliary flow was 0.9 l/min, and carrier gas was flow 0.70 l/min. The radio-frequency power was 1.5 kW. The instrument was calibrated using PlasmaCAL multielement calibration standards (SCP Science); 2000 ppb of scandium was used as an internal standard.
Mitochondrial labile iron analyses
A bleomycin-based assay was used as a sensitive and reliable method of measuring free iron in tissue samples as described [60, 61] . This method is based on the direct complexation of free iron with the antibiotic bleomycin. The iron-bleomycin complex causes degradation of DNA, and the degradation products were measured by the thiobarbituric acid test for the detection of free iron. All reagents, except bleomycin, were treated with Chelex 100 resin (0.3 g/10 ml) to remove contaminating iron. Mitochondrial samples (100 µg of protein in a 50 µl volume) were each added to 1 ml of 100 mM Tris-HCl (pH 7.4) containing 1 mg/ml calf thymus DNA, 1.5 U/ml bleomycin, 5 mM MgCl 2 , and 0.8 mM ascorbate, and the samples were then incubated for 1 h at 37°C. The reaction was stopped by addition of 100 µl of 100 mM EDTA, followed by 500 µl thiobarbituric acid (1% [w/v] in 50 mM NaOH) and 500 µl of 25% HCl. The reaction tubes were incubated for 20 min in a water bath at 80°C to develop the chromogen. The chromogen was then extracted after cooling to room temperature by vortexing the sample with 3 ml chloroform followed by centrifugation at 1000×g for 20 min. The absorption of the organic layer was determined at 532 nm. Each sample was also assayed in the absence of bleomycin. Iron concentrations were determined using a series of standard iron concentrations (1-50 µM).
Immunoblotting
Brain proteins were extracted from mouse nuclear, cytosolic, and mitochondrial fractions as described [56, 62] . Proteins from human cortical regions BA4, BA9, and BA17 of HD and control brains were extracted with ice-cold lysis buffer containing 120 mM NaCl, 1 mM EDTA, 1 mM sodium fluoride, 50 mM Tris-HCl (pH 7.5), 1% (v/v) NP-40, 1 mM PMSF, and a protease inhibitor cocktail (Roche). Protein concentrations for mouse and human studies were determined using the Bradford method. Proteins from mouse and human samples (20 and 30 μg, respectively) were separated by SDS-PAGE and transferred to PVDF membranes. Blots were incubated in the following reagents in order (with standard wash steps): 5% fat-free milk as a blocking reagent, primary antibodies HDAC1 (Santa Cruz Biotechnology (sc)-81598), GAPDH (sc-365062), frataxin (sc-293431), mitoferrin 2 (sc-138430), ABCB8 (sc-68246), TOM20 (sc-17764), and β-actin (Sigma AC-4700) at dilutions of 1:500-1:1000; and horseradish peroxidase-conjugated anti-mouse/anti-goat/anti-rabbit secondary antibodies at dilutions of 1:1000-1:2000. The protein signal was visualized by chemiluminescence reagents in conjunction with X-ray film. Densitometry measurements of each protein were quantified using Image-J software (NIH).
Mitochondrial aconitase activity
Mitochondrial aconitase activity was determined using a commercially available kit (Sigma). This assay uses a coupled enzyme reaction in which citrate is converted to isocitrate by aconitase. Isolated mitochondrial fractions were sonicated three times for 30 s each on ice at 100% amplitude and centrifuged at 20,000×g for 15 min, and then the protein content of the supernatant fraction was determined. Mitochondrial aconitase activity was determined by measuring the absorbance at 450 nm. Results were expressed as nanomoles per minute per milligram mitochondrial protein.
Mitochondrial membrane potential
Mitochondrial membrane potentials (MMP) were measured using JC-1 dye as described [63] . In brief, isolated mitochondrial pellets were directly suspended in isotonic buffer comprising 10 mM phosphate buffer (pH 7.4) containing 145 mM KCl, 50 mM sucrose, 1 mM EGTA, and 1 mM MgCl 2 , and protein concentrations were then determined. The mitochondria samples containing 200 µg protein were then incubated in isotonic buffer containing 10 mM pyruvate, 10 mM succinate, and 1 mM ADP with 1 µM JC-1 for 20 min at 37°C in a 96-well plate. The samples were washed twice in isotonic buffer before being resuspended in 200 µl of isotonic buffer. The fluorescence emission ratio (596 nm/534 nm) was then determined using a fluorescence microplate reader (TECAN infinite M200). For the measurement of the effect of chelators. chemicals were added 10 min before the JC1 incubation. Five separate fluorescence ratio measurements were made at 1-min intervals [64] .
Mitochondrial oxygen consumption
Mitochondrial oxygen consumption was measured at 30°C using a Clark-type electrode (World Precision Instruments) with minor modifications of published methods [65] . Two-point calibration of the sensor was performed in air-saturated water at 37°C in an argon atmosphere on each day that measurements were made. Freshly prepared mitochondria pellets were suspended in 10 mM Tris-HCl (pH 7.4) buffer containing 0.25 mM sucrose, and protein concentrations were measured. Mitochondria containing 250 µg protein were added in 50 mM Tris/HCl buffer (pH 7.4) containing 0.2 M sucrose, 3 mM MgCl 2 , 5 mM sodium succinate, and 5 mM sodium pyruvate to a final volume of 1 ml. After equilibriation for 1 min, basal respiration was measured for 3 min. DFP or vehicle was then added and respiration measured for a further 3 min. The following mitochondrial respiration control compounds were then used: carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) at 1 μM and antimycin A at 10 μM.
ATP determination
A commercially available ATP assay kit (Abcam) was used to measure ATP concentrations in cytoplasmic and mitochondrial brain fractions. Freshly isolated mitochondrial fractions were sonicated three times for 20 s each at 100% amplitude and centrifuged at 20,000 ×g for 10 min, and then protein concentrations were determined. Fractions consisting of 500 µg of protein were de-proteinized in 4 M cold perchloric acid and 2 M potassium hydroxide. ATP levels were measured fluorometrically according to the manufacturer's instructions.
Mitochondrial glutathione
Soluble extracts of mitochondria were prepared as described for the ATP assay. Mitochondrial extracts (500 µg protein per sample) were deproteinized with 6% perchloric acid, and glutathione (GSH) and oxidized glutathione (GSSG) levels were determined as described [66] . In brief, total glutathione was measured by the reduction of GSSG to GSH using NADPH and glutathione reductase; GSH was then determined using the chromagen 5,5′-dithiobis-(2-nitrobenzoic acid) using a 3-min kinetic assay with absorbance measured at 405 nm. GSSG was determined as above but with prior derivatization of GSH with the alkylating agent 2-vinylpyridine. True GSH was calculated by subtraction. GSSG standards were used.
Mitochondrial membrane lipid peroxidation
We used a previously described method to quantify aldehyde end products of lipid peroxidation [67] . Briefly, 100 µg of each mitochondria-enriched fraction in a 200-µl volume was added to 50 µl of 10% SDS and 450 µl of a mixture of 46.4 mM thiobarbituric acid and 50% glacial acetic acid. The mixture was incubated for 45 min in a 95°C water bath. The reaction tubes were cooled, and then 500 µl of chloroform was added. The sample was vortexed, centrifuged at 1000×g for 10 min, and allowed to cool for 10 min at room temperature. The upper aqueous layer was collected and absorbance determined at 532 nm. Malondialdehyde and buffer blanks were used for quantification. To measure the malondialdehyde production rate, fresh mitochondria were incubated in 10 mM HEPES buffer (pH 7.2) containing 125 mM sucrose, 65 mM KCl, 2 mM succinate, 2 mM pyruvate, and 2 mM citrate with or without 1 µM DFP for 30 min at 30°C as described [68] . Baseline control samples were stored at 4°C and assayed in parallel. The assays were completed as described above. Baseline lipid peroxidation values were subtracted, and the lipid peroxidation rate was determined by normalizing to protein and incubation time.
Neonatal iron supplementation study
We used a previously used dose of iron supplementation that is considered to model human infant iron supplementation levels [43] . Iron or saline treatments were randomly assigned to litters. Pups were administered saline or 120 mg/kg/day carbonyl iron via oral gavage from day 10-17 once daily. Pups were weighed daily before each dose.
Sub-acute deferiprone mouse study
Mice were randomized and the study was blinded for the behavioral analysis. Treatments were started after 9.5 weeks of age. Mice were treated with 150 mg/kg/dose DFP or saline vehicle twice a day for 10 days with 10-12-h interval between doses. Motor endurance testing (Rota-rod) was completed at 5 and 9 weeks to obtain baseline values for each genotype; the final measurement was at 11 weeks (last 3 days of dosing) of age. The rod accelerated from 5 to 25 rpm over 15 min. At each of the times tested (5, 9, and 11 weeks), animals were trained on day 1 and tested on three consecutive days. On the training day, mice were placed on the rota-rod, and each time they fell off were replaced on the rod [during a 5-min period]. On the testing day, mice were replaced on the apparatus if a fall happened within the first 30 s; otherwise the time of falling was recorded as the latency to fall [43] .
Measurement of deferiprone levels in brain mitochondria
Mitochondrial pellets were mixed with 20 µl of 50% methanol and 80 µl of acetonitrile containing 100 ng/ml of theobromine as an internal standard (IS), and the samples were centrifuged at 1500×g for 10 min to precipitate the proteins. The supernatant was used for liquid chromatography-tandem mass spectrometry (LC-MS/MS). Five non-zero standard solutions were prepared with DFP concentrations ranging from 1.25 to 20 ng/ml. The linearity of the relationship between the peak area ratio and concentration was confirmed by the correlation coefficients obtained for the linear regression of DFP (r = 0.9948). Concentrations of DFP were determined using an ABI-5500 Qtrap (Sciex, Ontario, Canada) mass spectrometer with electrospray ionization source interfaced with a Shimadzu high-performance liquid chromatography (HPLC) system. The Analyst software version 1.6 package from Applied Biosystems MDS SCIEX was used to control the LC-MS/MS system, as well as for data acquisition and processing. Separation was performed on an XBridge C18 (Waters) column (4.6 × 150 mm i. . Additional parameters were as follows: curtain gas, 30; collision gas, medium; ion spray voltage, 5000 V; temperature, 500°C; ion source gas 1, 50; ion source gas 2, 50.
Statistical analyses
All data were analyzed using SAS software (version 9.4, Cary, NC) using the GLM or MIXED procedures. MIXED procedures were used for repeat measures analyses and when the brain region was included in the analysis. Significant differences were determined by pair-wise comparisons if there was significant genotype or treatment effects, or interactions in the initial analysis. Otherwise, significant pair-wise comparisons are described as unprotected. All analyses used two-tailed tests. Results are expressed as the means ± SEM.
Results
Mitochondrial iron accumulates in mouse and human HD brains
R6/2 and YAC128 mice are widely used transgenic models that express a fragment of and full-length human htt, respectively, containing a CAG triplet expansion [69] . These mice undergo progressive development of HD with rapid progression to death at 13-14 weeks (R6/2) or a normal lifespan (YAC128). To investigate the possible role of mitochondrial iron in HD, we carried out studies in which we obtained brain regional mitochondrial and cytoplasmic fractions and then determined the iron content by ICP-MS. We first demonstrated the purity of the fractions by enzymatic and Western blot analyses (Fig. S1 ). R6/2 mice showed a progressive increase in brain mitochondrial, but not cytoplasmic, iron content in the striatum and cerebral cortex (Fig. 1A-D) , the main HD-affected areas.
Mitochondria are iron-rich because of their expression of many ironsulfur and heme proteins. Therefore, increased mitochondrial iron content could result from increased levels of iron proteins. In contrast, iron-mediated neurodegeneration is linked with labile iron, which is able to generate reactive oxygen species. Therefore, we used an assay specifically for labile mitochondrial iron and found significant increases in R6/2 HD mouse brains (Fig. 1E) . Twelve-month-old YAC128 mice, which are approximately in middle-stage HD, also had elevated striatal mitochondrial, but not cytoplasmic, iron content (Fig. 1F-G) . To determine if accumulation of mitochondrial iron is a feature of human HD, we studied autopsy-obtained primary motor cortex (BA4), dorsolateral prefrontal cortex (BA9), and primary visual cortex (BA17). Despite the post-mortem intervals we found that there was a significant effect of HD on mitochondrial iron (Fig. 1H) ; cytosolic iron was also increased (Fig. 1I) . Mouse and human HD data together suggest that brain iron accumulation occurs in HD mitochondria.
Mitochondrial iron homeostatic proteins are disrupted in mouse and human HD
Precise regulation of mitochondrial iron uptake, utilization, and export is essential for mitochondrial health. Mitoferrin 2 and ABCB8 are mitochondrial iron uptake and export proteins, respectively. Mitochondrial mitoferrin 2 levels were significantly increased in R6/2 HD striatum and cortex (Fig. 2A) ; however, there were no changes in ABCB8 in these brain areas (Fig. 2B) . Frataxin is a mitochondrial protein important for iron assimilation into iron-sulfur proteins. Mitochondrial frataxin was significantly decreased in R6/2 HD striatum and cortex (Fig. 2C) . We also found that activity of the iron-sulfur protein mitochondrial aconitase was decreased in R6/2 HD mice (Fig.  S2) . To determine if the findings in R6/2 mice extend to humans, we quantified mitoferrin 2 and frataxin levels in human HD and control brains. HD brains showed increased mitoferrin 2 in BA9 and BA17 (Fig. 2D) . Frataxin was decreased in BA4 and BA9 (Fig. 2E) (the p-value Striatal and cortical mitochondrial labile iron concentrations (E) are increased in R6/2 HD mice as determined using a bleomycin-based assay. n = 10. Mitochondrial (F) but not cytosolic (G) total iron concentrations are increased in the striata of 12-month-old YAC128 HD mice. n = 10. H-I. Iron distribution in human HD cortex. Mitochondrial (H) iron levels are increased across the three cortical brain areas. Cytosolic (I) iron levels are increased across the same three brain regions. n = 5. *p < 0.05, **p < 0.01, * **p < 0.001, BA4=Brodmann area 4; BA9 =Brodmann area 9; BA17 =Brodmann area 17.
for the genotype was 0.0503, so the pair-wise comparisons are unprotected). Together, the findings suggest that there is increased mitochondrial iron uptake with decreased utilization in HD brain which may lead to the accumulation of labile iron.
Iron chelation rescues HD mitochondrial function ex vivo
We hypothesized that increased mitochondrial labile iron would disrupt normal mitochondrial function. MMP was decreased from the middle stages of HD in the R6/2 and YAC128 mouse models (Fig. 3A-B,  Fig. S3 ). To address a role for iron we used the lipophilic iron-selective and FDA-approved chelator DFP in purified mitochondria and showed significant rescue of membrane potential in HD mice (Fig. 3C, Fig. S4) ; however, there was no effect of the hydrophilic iron-selective chelator deferoxamine (Fig. 3D) suggesting that the chelator must enter the mitochondrial matrix to mediate its effect. The mixed chelator clioquinol (Fig. 3E) did not rescue at ≤ 10 µM. Furthermore, the copper and calcium-selective chelators trientine and EGTA did not rescue the membrane potential deficit (Fig. 3F-G) . The protective effect of DFP was significantly blocked by adding iron, but not by calcium, to HD mitochondria (Fig. 3H, Fig. S5 ). MMP deficits in HD mice correlated with decreased mitochondrial ATP and increased levels of the oxidative stress marker oxidized glutathione (Fig. S6A-C) . Mitochondrial respiration is fundamental for the maintenance of the MMP. Mitochondrial oxygen uptake was decreased in R6/2 HD mice, and DFP rescued this effect (Fig. 3I) . Taken together, our results indicate that labile iron promotes mitochondrial bioenergetic dysfunction in HD. 
Deferiprone decreases lipid peroxidation rates in HD mitochondria
We further showed that R6/2 HD mitochondria had significantly increased levels of end-products of lipid peroxidation (Fig. 4A) . To determine if rates of lipid peroxide production are increased in HD mitochondria and if this increase is iron dependent we measured lipid peroxide production rates in brain mitochondria in the presence and absence of DFP. Striatal and cortical mitochondrial lipid peroxide production rates were increased in HD mice, and the effect was significantly inhibited in striatum by DFP (Fig. 4B-C) .
3.5. Short-term treatment of R6/2 mice with deferiprone rescues HD mitochondrial markers and improves motor endurance DFP is an orally available drug that is approved by the FDA for blood transfusion-induced iron overload. Prior to testing deferiprone in HD mice, we first demonstrated that it penetrates brain brain mitochondria (Fig. 5A) . We then conducted studies in which mice were treated for 10 days (with two treatments per day) with 150 mg/kg DFP by gavage starting at 9.5 weeks of age. Control and DFP groups of HD mice had performed similarly at 9 weeks of age, just before treatment initiation; however, 10 days later DFP-treated mice performed significantly better than controls (p = 0.0093). There was no effect of the drug on wild-type mice when pre-treatment baseline differences were Fig. 3 . Iron-selective chelation rescues mitochondrial membrane potential and oxygen uptake deficits in HD mice. Studies were completed in mitochondria isolated from brains of R6/2 HD or littermate mice. Unless stated otherwise, mice were 12 weeks old. A-B. HD disease stage-dependent decreases in striatal (A) and cortical (B) MMP. n = 9 or 10. C-G. Effect of metal chelators on MMP in mitochondria purified from cerebral cortices of R6/2 HD and wild-type mice. Log doses: 1 = 10 nM; 2 = 100 nM; 3 = 1 µM, etc. n = 10. C-D. Effect of iron-selective chelators. The lipophilic iron chelator DFP rescues MMP (C), but hydrophilic deferoxamine does not (D). E-G. Effect of non-iron-selective chelators on MMP. The mixed low-affinity chelator clioquinol (E), the copper-selective chelator trientine (F), and the calciumselective chelator EGTA (G) do not rescue MMP in HD mice. n = 10. H. Rescue of MMP by DFP is iron dependent. The protective effect of DFP is blocked by low concentrations of added iron, but not calcium. n = 10. I. Decreased oxygen consumption rate (OCR) of cortical mitochondria from 12 week old R6/2 HD mice is rescued by DFP. n = 8. *p < 0.05, **p < 0.01, ***p < 0.001. Line graphs: black triangles, wild-type mice; white circles, R6/2 HD mice. taken into account (Fig. 5B ). In addition, DFP normalized the mitochondrial iron content in the striata and cortices of HD mice (Fig. 5C-D) . Interestingly, treatment significantly increased cytoplasmic iron in the HD striatum only (Fig. S7A-B) suggesting a partial transfer of iron from the mitochondria to the cytosol. Further, the treatment fully restored MMP deficits, resulted in a trend toward increased ATP (p = 0.0737), and decreased levels of lipid peroxide end products (Fig. 5E-G) .
Neonatal iron supplementation (NIS) promotes mitochondrial dysfunction in adult HD mice
Previous work from our laboratory has demonstrated that supplementation of iron in neonates potentiates the HD phenotype in R6/2 and YAC128 HD mice [43, 44] . NIS also potentiates disease in models of Parkinson and Alzheimer diseases [42] , although the mechanisms for these effects are poorly understood. Here we analyzed whether NIS Fig. 4 . Iron-selective chelation decreases HD-associated mitochondrial lipid peroxidation ex vivo. Studies were completed on mitochondria isolated from 12 weekold R6/2 HD mice and wild-type controls. A. Steady-state lipid peroxidation product levels are increased in mitochondria purified from striata and cerebral cortices. B-C. In vitro mitochondrial lipid peroxide production rates are increased in HD mitochondria purified from striata (B) and cerebral cortices (C). Lipid peroxidation in striatal mitochondria is decreased by lipophilic iron chelation with [1 μM] DFP. P-values: *p < 0.05, **p < 0.01, ***p < 0.001. Fig. 5 . Oral deferiprone restores mitochondrial iron levels, rescues mitochondrial pathophysiology, and promotes motor endurance in HD mice. A. Acute brain mitochondrial pharmacokinetics of DFP. Mice were dosed orally with 150 mg/kg DFP, and brains were harvested 2 h later. DFP is present in a cortical mitochondrial fraction in HD and wild-type mice. n = 8 female mice. B-G. R6/2 and wild-type mice were dosed orally twice daily for 10 days starting at 9.5 weeks and brains were harvested 2-3 h after the last dose. n = 9 or 10. Rota-rod activity in R6/2 HD and wild-type mice was measured at 5, 9, and 11 weeks of age (B). DFP treatment began after the 9 week measurement and increased motor endurance at 11 weeks in HD but not wild-type mice. C-D. DFP normalizes striatal (C) and cortical (D) mitochondrial iron levels in HD mice, but has no effect on wild-type littermates. E. Decreased cortical MMP in HD mice is rescued by DFP. F. Cortical mitochondrial ATP (mATP) levels are significantly decreased in HD mice. There is a trend toward increased mitochondrial ATP in DFP-treated HD mice. G. Deferiprone rescues increased mitochondrial lipid peroxidation product levels in striata of HD mice but has no effect in wild-type controls. *p < 0.05, **p < 0.01, ***p < 0.001. affects brain mitochondrial function. The dose of iron supplementation used was designed to model human infant supplementation and did not result in short-term weight effects; however, with advancing disease, that same level of iron supplementation resulted in potentiation of HDassociated weight loss in R6/2 mice (Fig. 6A) . NIS also potentiated the increases in brain mitochondrial iron in HD mice, but not in wild-type littermates (Fig. 6B-C ). There were, however, no effects of iron in the cytoplasmic fraction (Fig. S8A-B) . To investigate if NIS affected the levels of mitochondrial iron homeostatic proteins, we analyzed mitoferrin 2, ABCB8, and frataxin protein levels but found no effect in HD and wild-type mice (Fig. S9A-F) . NIS potentiated declines in MMP (Fig. 6D-E) , and this effect was partly rescued ex vivo by DFP (Fig. 6F) .
NIS did not significantly alter mitochondrial ATP levels in the cortex but did potentiate increases in brain mitochondrial lipid peroxidation (Fig. 6G-I ).
Discussion
Cellular iron homeostasis is regulated by iron-regulatory proteins 1 and 2 (IRP1/2), which mediate post-transcriptional control of expression of iron homeostatic proteins [70] . Increased and decreased cellular labile iron results in decreased and increased IRP1/2, respectively. Consistent with a state of iron stress in HD brain we have previously reported that IRP1/2 are decreased in the R6/2 mouse model, while the iron-bound ferritin pool is increased [40] . However, the specific mechanisms by which iron stress may potentiate HD have remained unclear. The present study exposes elevated mitochondrial labile iron as a mediator of energetic and oxidative dysfunction in HD. In addition to demonstrating that brain mitochondrial iron levels were increased in two HD models, and in human HD brain, we provided evidence that mitochondrial labile iron altered key markers of bioenergetic status. We further showed that NIS in HD mice, a model for iron nutrition promotion of neurodegeneration [42] , was linked with further potentiation of HD mitochondrial disease markers.
Mitochondrial homeostasis is regulated by a number of proteins including iron uptake mitoferrin 2, which was increased in the mouse model and human HD brain samples studied. Interestingly, NIS of HD mice had no effect on the expression of the mitoferrin 2 and frataxin, even though there was promotion of iron accumulation. It is possible that mitochondrial iron accumulation in HD is initially a compensatory response to limit cytosolic iron stress, as supported by decreased IRP1/2 [40] . Alternatively, mitochondrial iron accumulation may be disease promoting, not serving any adaptive role. Taken together however, findings show that HD mitochondria are more prone to iron accumulation in the presence of an iron challenge, and identify mitoferrin 2 as the putative protein involved.
Mitochondrial iron accumulation also occurs in other disorders including red cell precursors in sideroblastic anemias as a result of defective iron assimilation into heme [71] . Mitochondrial iron accumulation is also a feature of FA, where it results from a recessive deficiency of frataxin [9] . We found decreased frataxin in mouse and human HD brains. As transcriptional dysregulation has an important role in HD we searched transcriptional databases but found no evidence to support decreased frataxin transcripts in human and mouse HD [53, 72] . Frataxin is involved in iron-sulfur protein synthesis [73] . Activity of the iron-sulfur enzyme aconitases are deficient in human HD striatum and cortex [74] . Consistent with this, we also demonstrated here a deficit of mitochondrial aconitase in mouse HD. While decreased aconitase activity could be the result of impaired iron-sulfur protein synthesis resulting from frataxin deficiency, other explanations are possible. For example, aconitases are vulnerable to oxidative inactivation by superoxide [75, 76] . More studies are needed to address the extent to which decreased frataxin and oxidative stress contribute to loss of aconitase activity in HD. Consistent with our finding of increased mitochondrial iron-uptake mitoferrin 2 in mouse models and human HD, decreased frataxin expression results in a secondary increase in mitoferrin expression in a Drosophila model [77] . Therefore, whereas HD and FA are different disorders our findings suggest that they share a common mitochondrial-iron disease pathway.
The mitochondrial membrane potential (MMP) is the electrical gradient across the inner mitochondrial membrane and is formed by gradients of protons, potassium, and other ions. The magnitude of the MMP varies according to a number of factors which include the activity of the respiratory chain and proton pumping by complexes I, III, and IV; permeability of the inner mitochondrial membrane to protons and other ions; and also proton usage for ATP generation and proton-driven membrane pumps. R6/2 HD mice have a rapidly progressive phenotype and show advanced HD by 12 weeks of age. In these mice, we found decreased MMP, as determined by using the JC-1 dye, at 12 weeks in cortex and striatum, and also in the cortex at 8 weeks. These findings are consistent with findings from another study that used brain slices from 12-week-old R6/2 mice and CMXRos dye to estimate MMP [78] . To elucidate a potential mechanism for iron in mouse HD that results in these MMP changes, we used the membrane-permeable and -impermeable iron chelators DFP and deferoxamine, respectively. DFP, but not deferoxamine, rescued MMP in HD mice; there were no effects in control mitochondria. Modification of MMP by DFP specifically in HD mice strongly implicates the involvement of labile iron, as iron coordinated in proteins and co-enzymes is unavailable to interact with DFP. Supporting this interpretation, we measured directly and found increases in labile iron in brain mitochondrial fractions. Rescue of MMP by DFP took minutes in our ex vivo studies, indicating a rapid effect of labile iron on mitochondrial function. The mechanisms by which DFP restores MMP and oxygen uptake are currently unclear. One possibility is that there is reactivation of bioenergetics pathways inhibited by oxidative processes. For example, labile iron may promote protein thiol oxidative damage in specific tricarboxylic acid cycle or respiratory chain proteins; this damage could be repaired by mitochondrial enzymes once labile iron is removed [79] . Interestingly, in a HEK-293 cell culture model of FA (frataxin-deficient cells), DFP also restored the impaired MMP, an effect attributed to chelation of mitochondrial labile iron [80] .
We found decreased mitochondrial oxygen consumption in brain mitochondrial fractions from 12-week-old R6/2 mice, as compared with controls. The brain mitochondrial OCR was not, however, altered in 6-8-week-old R6/2 mice [81] indicating a disease stage-dependent effect. Mejia et al. [82] reported a 60% reduction in OCR in lymphoblasts isolated from the blood of human HD patient, as compared with controls. In our studies, DFP increased the OCR in HD mitochondria but had no effect on control mitochondria. Although the mechanism of this increase in OCR in HD mitochondria by DFP is unclear, the finding that DFP also increases the MMP is not consistent with an uncoupling effect. It is important to note that the basal respiration of the HD mitochondria was lower than that of control mitochondria. Consistent with this, the resting membrane potential of HD mitochondria was lower than that of control mitochondria, and DFP reversed it. The proton ionophore and uncoupler FCCP increased the OCR in both HD and control mitochondria. However, the increase was smaller with HD mitochondria relative to the control mitochondria, indicating decreased maximum energygenerating capacity. This finding is similar to findings from a magnetic resonance spectroscopy study that measured OCR in vivo in R6/2 brains at 9 weeks of age [83] . The authors found no difference in striatal oxygen uptake in the resting state but a decreased OCR response in the presence of the uncoupler dinitrophenol. Therefore, we interpret our findings as a restorative effect of DFP on HD mitochondrial OCR.
DFP is an orally available iron chelator licensed for the treatment of blood transfusion-induced iron overload in thalassemia major patients. The drug is brain permeable and has also been tested in early-phase clinical trials for Parkinson disease, FA, and amyotrophic lateral sclerosis [84] [85] [86] . We proceeded to test HD mice in a short-term dosing study to determine if effects found ex vivo were recapitulated in vivo. Ten days of dosing was sufficient to decrease mitochondrial iron and rescue the MMP.
Lipid peroxidation is increased in mouse and human HD brains [78] . In addition, inhibition of lipid peroxidation in R6/2 HD mice increases the MMP [78] . DFP also decreased mitochondrial membrane lipid peroxidation in our ex vivo and in vivo experiments. Consistent with these findings, there was a significant improvement in motor endurance in DFP-treated HD mice. Our own findings and those of others [87] support a role for mitochondrial oxidative stress in HD. Interestingly, lipid peroxidation and labile iron are also required for ferroptotic cell death [88] . Consistent with this, one study has demonstrated that the ferroptosis inhibitor ferrostatin-1 inhibits cell death in a brain slice model of HD [89] .
We and others have used NIS to study its neurodegeneration-promoting effects in mouse models of HD and other neurodegenerative diseases [43, 44, 90, 91] . This dietary model is relevant to human brain aging and neurodegeneration as a result of the high level of iron supplementation in many populations. Whereas numerous studies have demonstrated adverse effects of high iron intake in neonatal rodents on brain outcomes in adults, the mechanisms involved are poorly understood [42] . We showed here that NIS increased iron in mitochondrial fractions and potentiated other mitochondrial markers of HD in the R6/ 2 model. Iron supplementation in rats causes functional defects in hepatocyte mitochondria [92] . However, we are unaware of prior reports on the effects of NIS on brain mitochondria.
In conclusion, our findings demonstrate that positive and negative regulation of iron has opposite effects on the phenotype of mitochondria from HD brain. These results support a role for the identified mitochondrial-iron pathway as one mediator of HD progression. Importantly, at least in the R6/2 HD model, there is increased mitochondrial susceptibility to the effects of increased iron intake during the neonatal period. Illumination of mechanisms relating to iron and mitochondria in HD may lead to the identification of novel therapeutic targets.
